Sphingomonas spp possess unique abilities to degrade refractory contaminants and are found ubiquitously in the environment. We developed Sphingomonas genus-specific PCR primers (SPf-190 and SPr1-852) which showed specific amplification of a 627-bp 16S rDNA fragment from Sphingomonas spp. A PCR assay using these Sphingomonas specific primers was developed to detect Sphingomonas aromaticivorans B0695R in three texturally distinct soil types, showing detection limits between 1.3-2.2 × 10 3 CFU g −1 dry soil. A sphingolipid extraction protocol was also developed to monitor Sphingomonas populations in soil quantitatively. The detection limit of the assay was 20 pmol g −1 dry soil, equivalent to about 3 × 10 5 cells g −1 dry soil. Survival of S. aromaticivorans B0695R was monitored in the three different soils by antibiotic selective plate counting, PCR and sphingolipid analysis. All three approaches showed that the B0695R cells persisted in the low biomass Sequatchie sub-soil at about 3-5 × 10 7 cells g −1 dry soil. In comparison to the plate counting assay, both the PCR and sphingolipid analysis detected a significantly higher level of B0695R cells in the clay soil and Sequatchie top-soil, indicating the possibility of the presence of viable but non-culturable B0695R cells in the soils. The combination of PCR and sphingolipid analysis may provide a more realistic estimation of Sphingomonas population in the environment.
Introduction
The genus Sphingomonas has recently received a lot of attention because of its diverse metabolic capability [20] . Many members of the Sphingomonas genera possess unique abilities in degrading refractory organic pollutants [26] and antagonizing phytopathogenic fungi [3] . Some members of the genus are involved in metal corrosion [1] and some are considered as potential opportunistic human pathogens [28] .
Based on 16S rDNA sequence comparison, Sphingomonas species are classified as a monophyletic group within the ␣-4 Proteobacteria. Members of the Sphingomonas genus are Gram-negative, aerobic, flagellated and mostly yellow-pigmented. One unique phenotypic feature, which distinguishes Sphingomonas from other members of the Eubacteria, is the possession of sphingolipids in their cellular membrane. These sphingolipids contain 18-21 carbon straight chain sphingosine bases, and amide-linked 2-hydroxy straight chain saturated fatty acids. Unlike other Gram-negative bacteria, members of the Sphingomonas genus do not contain lipopolysaccharide [12] .
The genus Sphingomonas was proposed by Yabuuchi et al [28] to describe bacterial strains isolated from human clinical specimens and hospital environments. It was later found that this group of bacteria could also be isolated from natural sources, such as soil, rhizosphere, sediment, freshwater and marine environments [26] . Many Sphingomonas strains isolated from the environment possess broad catabolic capabilities towards recalcitrant organic pollutants, which include dibenzo-p-dioxin and dibenzofuran [27] , carbofuran [6] , hexachlorocyclohexane [9] , chlorinated biphenyls [24] , polychlorophenols [11, 16] , 2,4-dichlorophenoxyacetic acid [10] , halogenated diphenyl ethers [21] , and single-ring aromatic and polyaromatic hydrocarbons [7, 13] . Despite the catabolic diversity of the genus Sphingomonas, its members are related phylogenetically. Balkwell et al [2] showed that the 16S rRNA gene sequence similarities of their subsurface Sphingomonas isolates were as high as 99.9%. Furthermore, the sequence similarities between these strains and other known Sphingomonas species, such as S. capsulata were about 98%.
Recently, Sphingomonas strains were isolated from deep subsurface sediments (108-407 meters below the surface) and found to be able to degrade aromatic hydrocarbons [2, 7] . This revealed the wide environmental distribution of this group of bacteria, as well as its potential importance in recycling recalcitrant organic compounds. Despite the ecological importance of the Sphingomonas genus, information related to the ecology of this group of bacteria in soil environments is limited. Members of the genus Sphingomonas lack easily identified phenotypic features and, until now, no attempt to monitor the dynamics of these bacteria by molecular methods has been made.
The objectives of this study were threefold: (i) to design specific PCR primers to detect members of the genus Sphin-gomonas; (ii) to extract and quantify sphingolipids from Sphingomonas cells in soils; and (iii) to combine these novel methods, along with traditional plate-counting, to monitor the survival of an aromatic hydrocarbon-degrading S. aromaticivorans strain B0695R.
Materials and methods

Bacterial strains
The subsurface Sphingomonas strains B0478, B0522, B0712, B0695 and F199 were obtained from the DOE Subsurface Microbial Culture Collection (SMCC) at Florida State University [2] . S. aromaticivorans B0695 was isolated from a deep subsurface sediment (259 m beneath the surface) at the Southeast Coastal Plain of South Carolina and is able to metabolize aromatic hydrocarbons as sole carbon sources [7] . S. aromaticivorans B0695R is a spontaneous rifampicin-resistant mutant of strain B0695. The growth rate and aromatic hydrocarbon-degrading capability of S. aromaticivorans B0695R were unaffected by the mutation. The rifampicin resistance phenotype was stable after four transfers in Nutrient Broth (Difco, Detroit, MI, USA; data not shown). S. aromaticivorans B0695R was routinely grown in and maintained on Nutrient Broth and Nutrient Agar containing 50 g ml −1 rifampicin, respectively. Sphingomonas sp strain UG30 and S. yanoikuyae B1 were obtained from Dr JT Trevors at the University of Guelph, Ontario, Canada and Dr DT Gibson at the University of Iowa, Iowa, USA, respectively. Shewanella putrifaciens strain 200 was an oil pipeline isolate [17] . Pseudomonas aeruginosa strain FRD-1 was isolated from a cystic fibrosis patient [18] . The Bacillus strain was isolated from a fresh water sample at the Center for Environmental Biotechnology, University of Tennessee. The rest of the bacterial strains in Table 1 were obtained from the American Type Culture Collection (ATCC). The S. chlorophenolicum strains and Escherichia coli were grown in a minimal salt-glutamate [14] and Luria-Bertani (LB broth, Difco) medium, respectively. Desulfovibrio vulgaris ATCC 29579 was cultured anaerobically in an acetate-yeast extract medium [19] . The rest of the strains were grown in Nutrient Broth at 30°C.
Soils
Three soils were used, two sandy loam soils, an agricultural top soil (0-15 cm) and a subsurface soil (135-150 cm) from the University of Tennessee Agriculture Experiment Station in Alcoa (Sequatchie series). A subsurface clay soil (135-150 cm) was collected from an uncultivated field next to the Center of Environmental Biotechnology, University of Tennessee, Knoxville. The physical, chemical and biological characteristics of the soils are summarized in Table 2 .
DNA extraction, purification and amplification DNA, from soil or bacteria, was extracted by a bead-beating system adapted from Borneman et al [4] with modifications. Five hundred milligrams of soil, 400 l sodium phosphate buffer (0.12 M, pH 8.0), 200 l chaotropic reagent (CRSR, BIO 101, Vista, CA, USA) and 500 mg glass beads (0.17 mm in diameter) were agitated in a 1.5-ml microcentrifuge tube using a high speed Crescent WIG- L-BUG™ bead beater (Crescent Dental MFG Co, Lyons, IL, USA) for 1.5 min. The sample was centrifuged at 13 000 × g for 5 min. The supernatant was collected and 300 l chloroform was added to the soil pellet, mixed thoroughly, and centrifuged at 13 000 × g for 5 min. The aqueous supernatant was collected, pooled with the first supernatant fraction and DNA was precipitated with an equal volume of isopropanol in an ice bath for 30 min. The DNA extract was washed twice with 80% ethanol, re-dissolved in 200 l TE buffer (pH 8.0), extracted once with an equal volume of phenol/chloroform/isoamyl alcohol (25:
) and followed by a glass milk DNA purification protocol using a Gene Clean Kit (BIO 101) as described by the manufacturer. The concentrations of the DNA extracts were estimated by densiometry and confirmed by UV spectrophotometry at 260 nm. DNA extraction efficiency was measured by comparing the amount of DNA recovered from uninoculated soil, soil inoculated with 5 × 10 8 B0695R cells, and the same number of cells in pure culture. Experiments were performed in triplicate. Purified DNA samples were used directly in a PCR assay with primer pair SPf-190/SPr1-852 or SPf-190/SPr2-852. The reaction was performed in a Labline Thermal Block II Thermocycler (Lab Line Instruments, Inc, Melrose Park, IL, USA) in a 25-l volume of reaction mixture, which and a layer of 50 l overlaying mineral oil. The mixture was subjected to a 5-min denaturation at 94°C followed by a 2-min annealing at 50°C and extension at 72°C. Parameters for the subsequent 34 cycles were 1 min denaturation, annealing and extension, followed by a final 10-min extension. The PCR product was analyzed by electrophoresis in a 1.2% (wt/vol) agarose gel containing ethidium bromide (0.2 g ml
−1
).
PCR primers PCR primers were designed by an alignment of 16S rRNA gene sequences from 14 Sphingomonas strains and other Proteobacteria. A Sphingomonas genus-specific forward PCR primer, SPf-190, was synthesized based on a conserved region (nucleotide positions 190-126, based on the E. coli 16S rDNA sequence) of the Sphingomonas 16S rDNA sequences. Another Sphingomonas genus-specific reverse PCR primer, SPr1-852, was also designed based on a stretch of the 16S rDNA sequence between nucleotide positions 833-852. However, sequence alignment revealed that the 16S rDNA of the S. chlorophenolicum has a different sequence at the position of SPr1-852 primer. Consequently, primer SPr2-852 was designed to amplify the 16S rDNA of the S. chlorophenolicum strains (Figure 1 ).
Sphingolipid analysis
All solvents were of GC grade and were obtained from Fisher Scientific (Pittsburgh, PA, USA). S. aromaticivorans B0695R (50 mg fresh weight) or 10 g soil sample was used for sphingolipid analysis. Total lipid of the sample was extracted by the modified Bligh and Dyer procedure [25] . The lipid extract was dried under a stream of nitrogen gas at room temperature, re-dissolved in 1 ml of 3 M hydrochloric acid and heated in a capped 15-ml glass tube at 100°C for 3 h. The acid digest was cooled to room temperature and adjusted to pH 12 by KOH. The digest was extracted three times with 2 ml chloroform. , and 300°C for 3 min. Sphingosine (C18:1, Sigma, Chemical Co, St Louis, MO, USA) was used as an internal standard for the assay.
Microcosm design
S. aromaticivorans B0695R cells were grown in Nutrient Broth (Difco) containing 50 g ml −1 rifampicin at 30°C, harvested at late log phase, washed twice with 0.85% sterile NaCl solution, and suspended in sterile deionized water at a density of 1 × 10 10 cells ml −1
. Hundred-gram portions of the samples (sandy loam top-soil, fine sandy loam sub-soil and clay sub-soil) were added to sterile 250-ml polypropylene beakers. S. aromaticivorans B0695R cells were inoculated at a cell density of about 5 × 10 8 cells g −1 dry soil. Control microcosms received an equal volume of sterile deionized water instead of the cell suspension. Sterile deionized water was added to the soil to achieve a final moisture content of 75% of its water-holding capacity. The soil microcosms were covered with aluminum foil and incubated in the dark at 22°C and 100% humidity. Soil samples were collected at days 0, 3, 7, 14 and 21. Dilution series of the soil samples were prepared and 100 l of each dilution was spread-plated on Nutrient Agar with or without rifampicin. Portions of the soil samples were used for the PCR assay and sphingolipid analysis as described earlier.
All treatments were conducted in triplicate.
Results and discussion
Sphingomonas-specific PCR primers Genus-and species-specific PCR primers for 16S rDNA of various groups of eubacteria have been used to detect spe- cific groups of bacteria [5, 8, 15] . However, no attempt was made to detect members of the genus Sphingomonas by PCR amplification based on the genus-specific DNA sequences located within the 16S rDNA. 16S rRNA gene sequences of nine Sphingomonas spp and some common soil bacterial strains were compared (Figure 1) . A Sphingomonas genus-specific sequence was located between nucleotide positions 190-207 of the 16S rRNA gene (based on the E. coli 16S rDNA). This sequence was chosen to be the Sphingomonas-specific forward PCR primer (SPf-190). Its 3′ end sequence has a complete match between the 14 Sphingomonas strains and has seven to eight 3′ end mismatch bases with other bacterial strains. A second Sphingomonas genus-specific sequence was located at the nucleotide positions 852-871 of the 16S rRNA gene. This sequence is conserved between eight of the nine Sphingo- [7] . Because of its potential importance in breaking down recalcitrant aromatic compounds in the environment, it was used in this study as a model bacterium to study Sphingomonas detection in soil. Two approaches are commonly used to extract DNA from soil. The indirect approach involves the separation of cells from soil prior to DNA extraction. This is problematic in recovering microbial cells protected by clay particles [22] , causing inconsistency in DNA extraction from soils with different physical and chemical characteristics. In this study, a direct soil DNA extraction protocol was tested on three soils, two sandy loam soils and a clay soil, each of which had different biomass contents (Table 2) . DNA extraction efficiencies for the red clay and the Sequatchie top-and sub-soils were 83, 80 and 66%, respectively, suggesting that the extraction efficiency of the bead-beating protocol was consistent regardless of the texture of the soils (Table 3) . Following spiking a serial dilution of S. aromaticivorans B0695R cells into the soils, detection limits of the PCR assay for S. aromaticivorans B0695R using the Sphingomonas genus-specific primers (SPf-190/SPr1-852) were between 1.3-2.2 × 10 3 cells g −1 dry soil (Table 3) . Indigenous Sphingomonas in the Sequatchie top-soil and clay soil were below the detection limits of the assay. However, PCR analysis on the Sequatchie sub-soil showed a weak 627-bp amplified fragment indicating the presence of a low level of indigenous Sphingomonas. This PCR assay can only follow the changes of Sphingomonas population in soil qualitatively. To monitor the dynamics of Sphingomonas populations, a protocol for the quantitative measurement of sphingolipids was developed in this study.
Sphingolipid analysis
S. aromaticivorans B0695R was used as a model bacterium to develop our protocol to extract and analyze sphingolipids from soil samples. The four major long-chain sphinganine bases of S. aromaticivorans B0695R were C18:0, C20:1, and two C21:1 isomers. They constituted about 83% of the total bacterial cellular sphinganine bases ( Table 4) Table 5 ), which was comparable to the amount of lipopolysaccharide found on the surface of one Gram-negative bacterium (about 9 × 10 6 molecules cell
−1
). This observation agreed with the findings of Kawasaki et al [12] that Sphingomonas cells contain sphingolipids instead of LPS.
Extraction efficiencies of the sphingolipids from the red clay and the Sequatchie top-and sub-soil were assessed. Despite differences in the soils' clay content, 68-76% of the sphingolipids were recovered ( Table 5 ). The detection limit of the sphinganine bases was about 20 pmol g −1 dry soil, which was equivalent to about 3 × 10 5 cells g −1 dry soil (data not shown). Sphingolipids were not detected in the clay soil and Sequatchie sub-soil (Table 5) . Although the sub-soil tested positive for containing a low level of Sphingomonas by the PCR assay, it could be below the detection limit of the sphingolipid assay. About 230 pmol g −1 dry soil of sphinganine bases, C18:0 (28.9%) and C20:1 (71.9%), were detected in the Sequatchie top-soil (Table  5 ). The background C18:0 was identical to the C18:0 of S. aromaticivorans B0695R but the background C20:1 had a retention time of 27.95 min which was distinct from the C20:1 of the S. aromaticivorans B0695R (Table 4) . This observation seems to disagree with the PCR assay that the top-soil contained less than 1.3 × 10 3 cells g −1 dry soil. One possibility is that other sphingolipid-positive bacterial genera, such as Rhizomonas and Zymomonas, are present in the soil. However, the Sphingomonas-specific primers (SPf-190/SPr1-852) did not amplify the ATCC type strains of Rhizomonas suberifaciens and Zymomonas mobilis (Table 1) .
Another possibility is the presence of novel Sphingomonas species which cannot be detected by primers SPf-190 and SPr1-852. The latter explanation agrees with the findings of Stephen et al [23] that rDNA closely related to Sphingomonas spp was detected in the Sequatchie top-soil by DGGE analysis. Therefore, the combined approach of using both PCR and sphingolipid analysis improved our understanding of the complexity of Sphingomonas populations in the environment.
Survival of Sphingomonas aromaticivorans B0695R in soils
Survival of S. aromaticivorans B0695R in the three soils was monitored by spread-plating it on rifampicin-supplemented nutrient agar, PCR and sphingolipid analysis. In the Sequatchie top-soil, the cell density of the inoculum decreased steadily from 4.8 × 10 8 to 4.9 × 10 5 CFU g −1 dry soil over 15 days incubation and dropped below the detection limit of plate counting (3.3 × 10 5 CFU g −1 dry soil) after 15 days (Figure 3a) . The plate-count assay has two major disadvantages in this study. First, the high native population of rifampicin-resistant bacteria in the top soil decreased the sensitivity of detection of the rifampicinresistant S. aromaticivorans B0695R cells in the soil. Secondly, the spread-plate assay could not account for the viable but non-culturable (VBNC) S. aromaticivorans B0695R cells in the soil samples. Since neither the PCR nor sphingolipid analysis require growth of the S. aromaticivorans B0695R cells, these assays represent a more realistic estimation of the bacterial population in soil. PCR analysis demonstrated steadily decreasing intensity of amplification products of S. aromaticivorans B0695R from day 0 to 21 ( Figure 4a ). Sphingolipid analysis provided a quantitative estimation of the population of S. aromaticivorans B0695R in the top-soil. The concentration of the sphingolipids decreased from 1.5 × 10 4 to 140 pmol g −1 dry soil, equivalent to about 2.1 × 10 8 to 1.7 × 10 6 cells g −1 dry soil, respectively, in 7 days and remained at a similar level from day 7 to 21 ( Figure 5 ). The sphingolipid analysis agreed with the PCR amplification that a significant population of S. aromaticivorans B0695R was present in the soil sample even at 21 days. However, the steady decline of the S. aromaticivorans B0695R rDNA did not agree with the consistent level of sphingolipids from day 7 to 21. The discrepancy may be due to the reduction of the size of the S. aromaticivorans B0695R genome when the bacteria entered the VBNC phase in the top soil. It is also possible that sphingolipids of non-viable cells were protected by soil aggregates causing a reduction of sphingolipid degradation. These results were in general agreement with the findings of Stephen et al [23] , who studied microcosms consisting of the same topsoil and inoculum containing S. aromaticivorans B0695 by kingdom-level PCR and denaturing gradient gel electrophoresis.
Antibiotic selective plate counts showed that survival of the S. aromaticivorans B0695R cells in the Sequatchie subsoil was different from that in the top-soil. The inoculant density dropped from 3 × 10 8 to 4.9 × 10 7 CFU g −1 dry soil over 21 days incubation (Figure 3b ). In agreement with the selective plate counting assay, sphingolipid analysis revealed that the sphingolipid concentration decreased from 1.0 × 10 4 to 2.0 × 10 3 pmol g S. aromaticivorans B0695R rDNA showed that similar amounts of amplified product were observed throughout the 21 days incubation (Figure 4b ) with the cell density constantly above the linear detection range (above 1 × 10 7 cells g −1 dry soil) of the PCR analysis. Despite the similar physical and chemical properties of the Sequatchie top-and subsoil, the native culturable bacterial population of the subsoil was 10-fold less than the top-soil ( Table 2 ). The lower competitive pressure from the indigenous microbial population in the sub-soil could be a major factor which contributed to the better survival of the Sphingomonas inoculum.
The culturable S. aromaticivorans B0695R cell density in the clay soil decreased from 3.5 × 10 8 to 2.5 × 10 5 CFU g −1 dry soil in 3 days and dropped below 4 × 10 3 CFU g −1 dry soil (the detection limit of S. aromaticivorans B0695R in clay soil) after 7 days incubation (Figure 3c) . A discrepancy was observed between antibiotic selective plating and the PCR and sphingolipid analysis. Despite the rapid decline of the culturable S. aromaticivorans B0695R population, PCR amplification showed that the amount of amplified rDNA was above the linear detection range of the bacteria (above 1 × 10 7 cells g −1 dry soil) (Figure 4c ). Sphingolipid analysis revealed that the concentration of sphinganine bases decreased from 1.6 × 10 4 to 631 pmol g dry soil afterward. The results of the PCR and sphingolipid analysis suggested that the decline of the culturable S. aromaticivorans B0695R population could be due to the loss of viability as well as to the culturability of the inoculum.
In conclusion, sphingolipid biomarker analysis provides a quantitative and non-culture-dependent means to monitor dynamics of a Sphingomonas population in the environment. In combination with PCR analysis using the Sphingomonas genus-specific primers, it can improve the specificity of the sphingolipid biomarker assay by reducing the possibility of false positive interpretations caused by other minor sphingolipid-containing bacteria.
